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Abstract
When a star explodes in a core-collapse supernova(SN), ∼ 99% of the gravitational
binding energy of the star is released as neutrinos and anti-neutrinos of all flavors[1].
The energies of these neutrinos are in the order of tens of MeV and the supernova neu-
trinos arrive over a timescale of a few tens of seconds. Neutrinos interact with matter
primarily through weak charged-current (CC) and neutral-current (NC) interactions.
The products from these interactions can be detected in detectors which can then be
used to study the properties of the incoming neutrino. High rates of interactions can
be produced in detectors using heavy nuclei such as iron and lead. Lead is primarily
sensitive to electron neutrinos while most neutrino detectors are sensitive to electron
anti-neutrinos. Core collapse supernovae produce a huge flux of electron neutrinos
and the sensitivity of lead to this flavor of neutrinos makes lead based detectors[2]
useful for studying SN neutrinos. An example of a neutrino detector using lead is
HALO in Canada. HALO 1kt is a proposed upgrade of HALO at LNGS in Italy. The
HALO 1kt[3] detector is intended to be more sensitive than the HALO detector. The
results from the simulation of the HALO 1kt detector will be used to study if HALO
1kt is better at distinguishing some supernova models than others.
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Chapter 1
Introduction
1.1 Standard Model of Particle Physics
“The standard model” is the theory of fundamental particles and how they interact.
The term was coined in the 1970s and the theory incorporated everything known about
subatomic particles at the time and predicted the existence of additional particles as
well. Fundamental particles are categorized into two groups: Fermions and Bosons.
Fermions can be thought of as the building blocks of matter and Bosons help particles
of matter interact. There are twelve known fermions and five known bosons in the
standard model.
The seventeen known particles in the standard model is shown in figure 1.1. W and
Z bosons were discovered in 1983 [12], the top quark in 1995 [13], the tau neutrino in
2000 [14], and the Higgs boson in 2012 [15].
1
2Figure 1.1: This figure shows the standard model [4] of particle physics. Two main
classifications of the standard model are the Fermions(quarks and leptons) and Bosons.
Fermions are particles that obey Fermi–Dirac statistics, a statistical rule described
by Enrico Fermi (1901− 1954) of Italy, Paul Dirac (1902− 1984) of England. Fermions
obey the exclusion principle ( a statistical rule described by Wolfgang Pauli (1900 −
1958) of Austria) which states that no two fermions may be described by the same
quantum numbers. In other words, fermions cannot occupy the same place at the
same time. Fundamental particles like leptons (including electrons and neutrinos) and
quarks are classified as fermions and so are things made from them like protons, neu-
trons, atoms and molecules.
Elementary particles have an intrinsic spin angular momentum S. Spin has the same
S.I. units as the classical angular momentum: N.m.s or kg.m2s−1. Spin angular momen-
tum simply indicates that elementary particles have some measurable quantity with
the same units as angular momentum. To describe this mathematically in quantum
mechanics, every elementary particle has a spin quantum number s (also called the
spin number or just the spin) associated with it. ’s’ is any whole number multiple of
a half (
1
2
, 1, 1
1
2
, 2, 2
1
2
etc.). Spin is a quantized and spin numbers other than these
numbers are not possible.
The elementary fermions have a spin of
1
2
. Particles made from combinations of
3fermions will have an overall spin that’s a combination of the individual spins. A
baryon (like proton or neutron) is composed of three quarks and will have an overall
spin equal to non-negative combinations of
1
2
± 1
2
± 1
2
. This gives it a value of either
1
2
or 1
1
2
±. All baryons are fermions.
Bosons are particles that obey Bose–Einstein statistics, the statistical rules first in-
troduced by Satyendra Bose (1894− 1974) of India and Albert Einstein (1879− 1955)
of Germany. Multiple bosons, in contrast to fermions, can be described by the same
set of quantum numbers. Examples of bosons are Gluons, photons, W boson, Z boson
and the Higgs boson. In further contrast to fermions which can be thought of as the
building blocks of matter, bosons usually make up stuff like light and other electro-
magnetic waves. Bosons particles have integer spin (1, 2, 3 etc). A meson is composed
of a quark and an anti-quark. Mesons have an overall spin equal to the non-negative
combinations of
1
2
± 1
2
. This gives it an overall spin of either 0 or 1. That shows that all
all mesons (Pion, Kaon) are bosons.
Fermions are divided into two groups of six. Quarks are fermions which bind into
either triplets (Baryons) or doublets (Mesons). Baryons, mesons and quarks are col-
lectively known as hadrons. Baryons found in the nucleus (proton and neutron) are
called nucleons. Baryons that contain at least one strange quark but no charm, bottom,
or top quarks are called hyperons.
The other six fermions are called leptons. Leptons are fermions that can exist inde-
pendently. The six flavors of quark are up, down, strange, charm, top, and bottom. The
neutrinos are an important subgroup within the leptons. They come in three flavors
– the electron neutrino, muon neutrino, and tau neutrino. Neutrinos have very little
mass and interact weakly with the rest of the particles. This makes them extremely
difficult to detect.
1.2 Neutrinos
The existence of neutrinos was predicted back in 1930 by Wolfgang Pauli [16]. He ob-
served that both energy and angular momentum were not conserved in radioactive
beta-decays and first predicted the existence of a subatomic particle – the neutrino, in
order to account for the apparent loss of energy and momentum that he observed. In
41959, Clyde Cowan and Frederick Reines announced the discovery of a particle match-
ing the characteristics of the particle proposed by Wolfgang Pauli. This was later found
to be the electron neutrino. Frederick Reines received a Nobel prize in Physics in 1995
for this discovery (The Nobel prize in Physics 1995 were shared by Frederick Reines
and Martin L Perl. The latter received the award for the detection of tau leptons).
Since its development in the 1970s the Standard Model of particle physics provided
an excellent description of most of the experimental observations of particle physics.
But from the current description of the standard model, we have limited understand-
ing of the magnitude of lepton masses. Neutrinos were the only massless matter par-
ticles in the Standard Model (photons and gluons are also massless, but they are not
matter particles). But this was an assumption at the time and the Standard model did
not explain why they were massless.
Experiments conducted in the decades that followed proved this assumption wrong
and the current description of the standard model states that neutrinos indeed do have
mass [17]. But the mass of the neutrinos are several order of magnitude lighter than
all other fermions, and in fact no direct measurement from neutrino detection exper-
iments has found evidence for a non zero neutrino mass. The experiments also gave
an insight on other properties of neutrinos. Neutrinos are neutral (not positively or
negatively charged), they are immune to strong interactions, and interact only (ex-
traordinarily!) weakly.
1.2.1 Neutrino Mixing and Oscillations
Neutrino mixing is the assumption that the different flavors of neutrino νe, νµ and ντ
do not have definite masses, but exits as linear combinations of states ν1, ν2 and ν3 that
do have masses m1, m2 and m3. From simple quantum mechanics, this means that a
neutrino beam that starts off in the state να and travels through space, the intensity of
the state at a later distance can be that of one of its components, say, νβ. In other words
the neutrino beam that starts off as να “oscillates” to νβ. This phenomenon is called
neutrino oscillations. The probability of a neutrino starting at state να and oscillating
to νβ is given by [18]
P(να −→ νβ) = sin2(2θij)sin2 LL0 (1.1)
5where L is the distance travelled by the neutrino, θij is the “mixing angle” whose
value is determined experimentally and L0 is the oscillation length given by [18]
L0 =
4E
m2j −m2i
(1.2)
The denominator of L0, m2j − m2i is defined as the mass squared difference ∆m2ij
whose value is also determined experimentally.
1.2.2 Neutrino Mass Hierarchy
Since the neutrinos are predicted to exist in a linear combination of three neutrino mass
states ν1, ν2 and ν3 with masses m1, m2 and m3, two mass squared differences ∆m232 and
∆m221 with mixing angles θ23 and θ12 now have to be calculated from experimental data
[18]. While the modern day experiments successfully determined the sign of ∆m221,
the experiments are still not precise enough to determine the sign of the mass square
difference ∆m232 accurately. This yields two possible scenarios that agree with current
experimental data: The “normal mass hierarchy” m3 > m2 > m1 and the “inverted
mass hierarchy” m2 > m1 > m3.
6Figure 1.2: This figure shows the two proposed mass ordering of neutrino states – The
Normal mass hierarchy and the Inverted mass hierarchy [5]. The sign of ∆m221 ≡ m22 −
m21, the mass square difference between the first and second neutrino mass states, has
been determined experimentally. This places the m22 mass superposition state above
the m21 mass superposition state. But, current experiments are not precise enough to
determine the sign on ∆m232 ≡ m23 − m22. This gives two possible placements for the
mass superposition state m23 which are classified as the normal and inverted hierarchy.
Determination of the sign of the mass squared difference ∆m232 is one of the fre-
quently researched topics in neutrino physics.
1.2.3 Neutrino Sources
Despite being one of the most abundant particles in the universe, the weak interaction
property of the neutrinos make them very hard to detect. The abundance of neutrinos
are mainly from the cosmological neutrinos produced when the universe was hot and
7young. To put the abundance in perspective, there are approx. 60 billion of neutri-
nos in our sun’s core that cross each square centimeter of our body every second. A
flux of ∼ 1058 neutrinos are emitted in few seconds following the gravitational core
collapse of a massive star that triggers one supernova explosion. The astrophysical
neutrinos arriving at earth come from the three main sources: The Sun, The Big Bang
and Supernova explosions.
Neutrinos from the Sun: Neutrinos are formed in the proton– proton chain reac-
tion that occurs in the sun’s core.
p + p −→2 H + e+ + νe (1.3)
Hydrogen fuses into Helium by means of the this proton–proton chain reaction
[19] thereby creating a neutrino as a by product of the reaction. Solar Neutrinos are
important for scientists to research since it gives insight into processes happening in
the interior of the sun. In contrast to the electromagnetic radiation coming from the
interior of the sun which takes many years since it has to pass through the different
inner layers, neutrinos take only about eight minutes! The weakly interacting nature
of the neutrino makes this possible.
Neutrinos from The Big Bang : The neutrino was first created 10−4 seconds after
the big bang which happened around 13.825 billion years ago (According to Planck
2018 Results [20]). The temperature of the universe was about 1013 K at this time. One
second after the big bang the universe became transparent to the neutrino allowing
them to travel freely through space. The universe had a temperature of about 3× 1010 K
one second after the big bang. Today these neutrinos form a background radiation that
is around 2.7K. The surface of earth receives an approximate flux of 330 million of
these neutrinos per m3. By studying these neutrinos scientists are able to learn about
the universe when it was forming but the very low energy of these neutrinos make
their detection a major challenge. In fact, the energies of these neutrinos are so low that
given the current development in neutrino detection technology, an ideal detector will
still be unable to detect them. The first observations of high energy cosmic neutrinos
from a blazar was detected recently [21] by the Ice Cube detector in Antarctica.
Neutrinos from Supernova Explosions : A flux of ∼ 1058 neutrinos are emitted in
few seconds following the gravitational core collapse of a massive star that triggers one
8supernova explosion. The major supernova event that jump started a leap in under-
standing the properties of neutrinos occurred on February 23 1987 from a core collapse
supernova in the Large Magellanic Cloud (SN1987A). On this day, detectors designed
to detect proton decay located deep underground suddenly detected a huge number
of neutrinos (8 in 5 seconds).
p + e −→ n + ν (1.4)
When the core of a massive star collapses, it fuses the protons and electrons to produces
neutrinos as shown in eq 1.4.
Chapter 2
Supernova Neutrinos
Towards the end of its life when a star runs has exhausted its energy through nuclear
reactions, it collapses into a neutron star or a black hole. During such the collapses,
∼ 99% of the gravitational binding energy holding the star together gets converted
to neutrinos of all flavors with energies in the order of tens of MeV over a timescale
of a few tens of seconds [1]. The neutrinos pass straight through the collapsing star
before the explosion takes place. This is why the neutrinos from the SN1987A were
detected before the supernova was visibly observed. When the neutrinos leave, they
also take energy away from the star and the star continues to collapse and rebounds
out in an explosion that can outshine the brightness of the entire galaxy. Neutrinos are
very important to the study of supernovas because they provide an early signal. The
“Supernova Early Warning System” (SNEWS [22]) allow scientists to be looking in the
right direction before the supernova even takes place.
2.1 Types of Supernova
Not all supernova explosions give the same flux of neutrinos. More neutrinos are pro-
duced in some supernova as compared to the others. There are two main types of
supernova explosions – Type I supernova and Type II supernova.
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2.1.1 Type I Supernova
Type Ia supernova occurs In binary star systems (two stars that orbit each other), where
at least one of the stars is a white dwarf. The slow rotating white dwarf accretes matter
from the other star thereby slowly increasing in mass. If the total mass of the star
exceeds the Chandrashekhar limit of around 1.44 M (1.44 solar mass), the electron
degeneracy pressure, which counters the pressure due to the weight of the star, will be
incapable of doing so further. This results in the white dwarf exploding as a supernova
explosion.
As compared to a Type II core-collapse supernovae (discussed in the next subsec-
tion), the flux of neutrinos at Earth from a Type I supernova is about four orders of
magnitude smaller for a source at the same distance. The energy of neutrinos from
Type I supernova is in the range of 3 MeV [23] rather than the 10 − 20 MeV for the
neutrino spectrum from a core-collapse SN. This makes the neutrinos from a Type I su-
pernovae even harder to detect. But, the advantage of studying neutrinos from a type
I supernova is that the neutrino signal is more reliable. This is because the core density
of Type I supernova is small enough to prevent neutrino trapping which eliminates the
subsequent neutrino transport and neutrino self interaction effects [24] [25].
2.1.2 Type II Supernova
Stars that are much more massive (more than 8 times the solar mass) undergo a more
rapid collapse and a violent explosion. Unlike smaller stars, like our sun which gen-
erates energy that fuses elements like hydrogen and helium, massive stars can fuse
fuse elements with atomic masses greater than that of H and He in their cores since
these stars have much higher temperatures and pressure. The force of gravity from
these massive stars is countered by the degeneracy pressure that results from the fu-
sion reactions of heavier elements that occur in its core thereby preventing the star
from collapsing. The star keeps fusing heavy elements in its core but after a certain
atomic mass the star is incapable of fusing them. This occurs when elements like iron
starts to form in the core. As more inert Fe is produced in the core, the inner core of the
star keeps getting dense. The degeneracy pressure resulting from fusion will be inca-
pable of countering the force of gravity resulting in the contraction of the core. When
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the mass of this inert core exceeds the Chandrashekhar limit of 1.44 solar mass, the de-
generacy pressure will no longer be able to counter the force of gravity resulting in the
inner core of the star to implode. With the inner core imploded, the outer core of the
star starts to collapse at velocities about 23% the speed of light increasing the tempera-
ture of the inner core up to 100 billion Kelvins (about 104 times the temperature of the
Sun’s core!). The collapse of the inner core is halted by neutron degeneracy, causing
the implosion to rebound and bounce outward. The energy of this expanding shock
wave is sufficient to disrupt the overlying stellar material and accelerate it to escape
velocity, forming a supernova explosion. Depending on progenitor size, the remnants
of a core collapse supernova results in the formation of either a neutron star or a black
hole.
For a stable neutron star formation, a significant amount of the thermal energy in-
side the core needs to be shed. And since the core collapse phase of the explosion is
very dense and energetic, only the weakly interacting neutrinos can escape. Protons
and electrons combine during this stage to form electron neutrinos through inverse
beta decay. Neutrons and neutrinos thus formed by inverse beta–decay, releases up to
1046 Joules of energy in a an explosion that lasts a few tens of seconds. The different
stages of explosion and subsequent neutrino production from a core collapse super-
nova is discussed in detail in the next section.
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2.2 Type II Supernova: Core Collapse Stages
Figure 2.1: Core Collapse Supernova Explosion Stage: Infall [6]. During this stage the
core starts to collapse as the inner core has exhausted its nuclear fuel. This occurs when
the fusion reactions that fuel the core starts fusing together heavier elements to create
inert elements like iron. Fusion of Fe produced in the inner core does not produce
enough energy to overcome the gravitational forces of the outer layers of the star. ρc
shown is the central density.
Infall: The stage of the core-collapse mechanism right before the explosion is referred
to as the infall stage. This happens when the outer core begins to implode which
starts out at a density around 1010 g cm−3. At this time, the central temperature ap-
proaches 1010 K and electron neutrinos, νes are produced from the neutral–current (NC,
explained in a later section) scatterings of neutrinos off of heavy nuclei available in the
core. νe produced by electron captures can escape freely at the beginning of stellar
core collapse, but soon get trapped and starts to move inward along with the in-falling
outer core. Neutrino trapping [6] is mainly a consequence of NC scattering of low–
energy neutrinos on heavy nuclei. This happens when the core density reaches around
1011 g cm−3 which is around 0.1 s after the beginning of infall. As the e− keeps getting
converted to νe, the outer core of the star starts to implode at velocities about 23%–30%
the speed of light. The inner core implodes at a slower velocity and the implosion
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proceeds with a velocity proportional to the radius and core density now approaches
around 1012 g cm−3. About 0.01 s after neutrino trapping, when the central density
reaches roughly 5× 1014 g cm−3 the repulsion between the nucleons in the inner core
region resists further infall of the outer core due to incompressiblity and the collapse
of the inner core abruptly stops [26].
Figure 2.2: Core Collapse Supernova Explosion Stage: Neutronization [6]. After infall
the inner core develops a layer of shock that propagates outwards. During this stage
electron neutrinos are produced in large numbers by electron capture on the free nu-
cleons. The shock rapidly propagates outwards increasing its radius rapidly in a short
amount of time as can be seen in the figure. The electron neutrinos produced initially
remains trapped under the layer of shock but are able to diffuse once the shock den-
sity gets lower due to expansion. ρc shown in the figure is the central density and
ρ0 ≈ 2.7× 1014 gcm−3
Neutronization: At about 0.01 s after neutrino trapping and the inner core is now
not compressible any further, it starts to bounce back and forms a shock wave that
propagates outwards [26]. Electron neutrinos are now produced in huge numbers but
most of them stay trapped in the core. The shock propagates outwards rapidly, this
decreases the density of the shock matter and electron neutrinos, which were trapped
in the matter, now diffuses faster than the shock propagates. This happens around
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0.02 s after neutrino trapping and a huge luminous flash of electron neutrinos is emit-
ted. The shock rapidly propagates outwards creating a supernova explosion. With the
electron neutrinos now frequently escaping, the electron-lepton number in the shock
drops considerably. This combined with the increasing temperature of the core, pair-
production processes can now create muon and tau neutrinos and anti-neutrinos. The
appearance of electron neutrinos stat when the time is around 0.2 s after Infall.
Figure 2.3: Core Collapse Supernova Explosion Stage: Accretion and Cooling [6]. Once
the shock propagates outwards and the star explodes as a supernova explosion, the
hot dense leftover inner layers of the star starts to accrete matter from the outer lay-
ers. With the temperature now high enough in the core, neutrinos corresponding to
heavier leptons are now produced along with electron neutrinos. With the neutrinos
taking away most of the energy of the explosion, the remains of the star then slowly
cools down to a Proto Neutron Star (PNS). The accretion to cooling region shown hap-
pens in a span of 1 s – 10 s as compared to the earlier stages which happens in a few
milliseconds.
Accretion: The post bounce accretion stage happens between 0.2 s to 0.6 s after the
explosion. Around this time, the stellar matter in the shock starts an accretion flow onto
a nascent neutron star [26]. The accretion flow rate is a few 0.1Ms−1. The accretion of
stellar matter accumulates onto the high density core of the proto-neutron star (PNS).
The large flux of νe and νe emitted during the neutronization phase carries away most
of the gravitational binding energy released in the gravitational collapse. During the
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Accretion phase neutrinos and anti-neutrinos of all flavors are released at similar rates.
Cooling: For about 10 s after the explosion and accretion phase, the resulting proto-
neutron star undergoes a cooling phase where the the energy that results from the
explosion is carried away by the different neutrino flavors [26]. The luminosity of all
the neutrino flavors released during this phase is approximately the same.
Although the exact core-collapse mechanism during the neutronization and accre-
tion phases remain unknown, present day simulations are done using the sparse statis-
tics obtained from the neutrino data obtained from SN 1987A. The 19 neutrinos [27]
observed from this explosion lead to a huge leap of research in supernova neutrinos in
the decades that followed. New detectors currently in place will give a high statistic
data from the next core collapse supernova that will help explain the mechanism more
accurately.
2.3 Supernova Neutrinos from each stage of Core Collapse
Infall: As the core begins to collapse, electron neutrinos escape initially but soon be-
come a victims to neutrino trapping. This causes a slight dip in the luminosity of νe
right before the outer core starts to accelerate inwards.
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Figure 2.4: Luminosity vs time: Infall and Neutronization Region. The figure shows
a plot of the neutrino luminosity from the simulation of a core-collapse supernova ex-
plosion of a progenitor star of mass 27 M. The simulation was done by the Garching
group [7] using the LS220 [8] equation of state (the details of the simulations are ex-
plained in detail in a later section). During Infall, a slight rise in electron neutrino flux
is seen as the star creates νe by electron capture on free neutrons and protons available
in the inner layers of the star. The produced neutrino then gets trapped in the shock
layer of the star which can be seen as a sudden dip in the νe flux at t= 0. As the shock
begins to propagate, the flux of νe starts to increase rapidly. Once the core becomes hot
enough and the density of the shock layer is low, other flavors of neutrinos begin to
appear. νx = νµ and ντ and νx are the corresponding anti neutrinos.
Neutronization: With the outer core moving inward with a high velocity, a large
number of electron neutrinos are produced by electron captures on free protons. These
neutrinos start to escape more frequently as the inward moving outer core rapidly
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accelerates the electron capture rates. This yields a bright neutronization phase where
the flux of νe peaks. The supernova explosion occurs within a few milliseconds after
the neutronization and other flavors of neutrinos and anti-neutrinos slowly being to
escape. For studying neutrinos from a supernova, it is necessary to have a detector
that is sensitive to this massive flux of electron neutrinos. Detectors such as HALO
[28] uses lead as its detector medium. Lead based detectors are sensitive to electron
neutrinos which make them useful in the study of supernova neutrinos.
Figure 2.5: Luminosity vs time: Accretion Region. The figure shows a continuation
of the luminosity vs time graph for the same model in Figure 2.4 for the next stage of
supernova explosion. During this stage, neutrinos of all flavors are seen. The accretion
region depends on the size of the progenitor star. Progenitor stars which are heavy
(Mass > 20M) have a longer lasting accretion than stars of smaller mass (Mass be-
tween 8M–10M. νe and νe have a slightly higher flux during the beginning of this
stage but slowly drops down once the PNS enters the cooling phase.
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Accretion and Cooling: As the stellar matter accretes over the Proto Neutron Star
(PNS), the core produces other flavors of neutrinos by thermal processes. This contin-
ues for about 0.4 s until the luminosities of all flavors of neutrinos and anti-neutrinos
become approximately the same. Electron neutrino and anti-neutrino is produced at
a similar rate but slowly decreases in flux as other neutrino flavors start to dominate.
At this point the PNS enters the cooling phase. The neutrino emission rates and their
energies both depend on the mass accretion rate and the mass of the growing PNS. The
L vs t and E vs t graphs for these regions differ significantly depending on the mass of
the progenitor star.
Figure 2.6: Luminosity vs time: Cooling Region. Plotted for the same model as Fig. 2.4,
this graph shows the luminosity of various neutrino flavors as the PNS enters cooling
phase. Luminosities of the different neutrino flavors remain roughly the same in this
region with their flux decaying exponentially.
Cooling phase lasts for about 10− 15 s after the neutronization after which the core
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is unable to produce neutrinos that have enough energy to be detected in a detector on
earth. The luminosities of all flavors of ν and ν remains almost the same for the first
10− 15 s. Since the cooling process takes place at an exponentially decaying rate that
after the first 10− 15 s, most probable supernova events that can happen in our galaxy
would produce such low energy neutrinos that it would be impossible to detect them
on earth. The luminosity of neutrinos from a supernova scales as
1
D2
[1], where D is
the distance to the supernova. This is why it is almost impossible to get a decipherable
neutrino signal from galaxies other than the Milky Way.
2.4 Supernova Early Warning System
The SNEWS (SuperNova Early Warning System) is a collection of several supernova
neutrino-sensitive experiments around the world with a goal of providing the astro-
nomical community with an alert for a supernova occurrence. Since the neutrinos from
a supernova explosion can be seen be seen before the explosion can be seen through
telescopes, the several neutrino detectors participating in SNEWS can give an early
alert for the astronomers [22]. Neutrino detectors such as in Super-Kamiokande (Kam-
LAND, Japan), LVD and Borexino (Italy), Daya Bay (China), ICECUBE (Antarctica)
and HALO (Canada). A galactic supernova event is estimated to occur at a rate of
about one per 30 years [29]. Since galactic supernova events are sparse, care must be
taken to gather as much data as possible when the event occurs. The HALO detector,
with its primary sensitivity [2] [30] to νes, can detect a spike in the number of electron
neutrinos detected as seen in Figure 2.4.
2.5 Neutrino spectrum
The neutrino spectra can be fit using the Fermi-Dirac or power-law distributions [31].
With the time dependent luminosity and average energy information, the neutrino
energy spectrum can be described by
φ(Eν) = N
(
Eν
Eν
)αν
exp
(
−(αν + 1)Eν
Eν
)
(2.1)
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α is the ’pinching factor’ or spectral pinching which can be computed from the
average energy by
E2ν
Eν
2 =
2 + α
1 + α
(2.2)
A large pinching factor corresponds to a more “pinched” spectrum (suppressed high
energy tail). N is the normalization factor given by
N =
(αν + 1)(αν+1)
EνΓ(αν + 1)
(2.3)
For the neutronization region, the luminosity vs time and Energy vs time shown
above yield a time dependent neutrino energy spectra
Figure 2.7: Time dependent neutrino energy spectrum of νe from the Garching simula-
tion [7] of a supernova explosion of a progenitor star of mass 9.6M.
The total spectra can be computed for this region by integrating the graph over
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time. The integrated luminosity (or Fluence) has the units of neutrinos per 0.2 MeV/cm2.
This gives
Figure 2.8: Integrating the time dependent energy graph for νe in the neutronization
region shown in Figure 2.7 with respect to time to obtain the fluence graph.
The fluence data calculated similarly for every flavor of neutrino for each of the
four supernova model is then used as input for simulations.
Chapter 3
Detection of Neutrinos
3.1 Neutrino Interactions
The standard model of particle physics includes three of the four fundamental forces
– electromagnetic force, the strong force, and the weak force. (Gravity is not included
in the standard model.) Different properties of of particles dictates the type of force
with which the particle interacts. The charge of a particles determine the interaction
of the particle by electromagnetic forces, “color” determines the interaction by strong
force, and flavor for the weak force. The bosons associated with each type of force are
called “gauge bosons”.For electromagnetic forces, the corresponding guage boson is
the photon. The strong force has gluons as its guage boson, and weak force interactions
occur by the exchange of W and Z bosons.
Neutrinos have two type of interactions: Neutral Current Interaction and Charged
Current interaction. Neutrinos can couple with a neutral Z0 boson through a “Neutral
Current” (NC) interaction. NC interactions change the 4–momentum of the particle
but keeps their identity intact Neutrinos can also couple with a charged W boson (W+
or W−) through a “Charged Current” (CC) interaction. Charged Current interactions
change the identity of the neutrino converting it to of the charged leptons- e+ or e−,
µ+ or µ−, τ+ or τ−.
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n, (A, Z) p, (A, Z + 1)
νe e−
p n
νe e+
W−W+ W−W+
Figure 3.1: Feynman diagrams showing charged current (CC) β–processes. The pro-
cesses shown in each Feynman diagram happen from left to right. For example, the
first diagram shows an incoming neutrino interacting with a neutron in a nucleus by
the exchange of a W− or W+ boson creating an electron and a proton.
e−, e+ νe, νe
νe, νe e−, e+
W−W+
Figure 3.2: Feynman diagrams showing charged current (CC) scattering processes
Neutrinos from core collapse supernova have energies of around 10− 20 MeV. This
energy is below the energy required for νµ and ντ to undergo CC interactions. Only νe
and νe from supernova neutrinos interact through CC interactions.
νe + (N, Z) −→ (N1, Z + 1) + e, νe + (N, Z) −→ (N + 1, Z1) + e+ (3.1)
The νe CC interactions primarily occur through the CC Scattering process by inter-
acting with either an electron or a positron. Since the SN neutrinos have energies of
around 10− 20 MeV, the νe interaction in the nucleus is suppressed by Pauli blocking
due to insufficient energy. The leptons produced from CC interactions retain informa-
tion about the energy of the incoming neutrino since the heavy nucleus tends to take
away little energy from recoil.
For some neutrino detectors that use substances with a lot of free protons like water
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and hydrocarbons as the detection medium (Scintillation Detectors), the most common
neutrino interaction reaction is the CC Inverse Beta Decay (IBD) [1]. The energy loss of
e+ can be observed. The electron neutrinos interact with the proton by
νe + p −→ n + e+ (3.2)
n, p, (A, Z) n, p, (A, Z)
ν ν
e−, e+ e−, e+
ν ν
ν ν
ν ν
Z0 Z0 Z0
Figure 3.3: Feynman diagrams showing neutral current (NC) Scattering processes
Neutral Current interactions can be seen in a neutrino detector by observing the
emitted nucleon. Neutrino interactions with lead is a good example of this since the
de-excitation process emits either one or two neutrons which can then be detected.
NC interactions can also be detected by observing the photons that result from de-
excitation.
Another interaction for neutrinos is the neutrino-electron elastic scattering. This
reaction takes place by CC and NC interactions for the electron neutrino and anti-
neutrino. The other neutrino flavors scatter elastically by NC interactions only.
νx + e− −→ νx + e− (3.3)
Here, the electron gets scattered in the direction of the neutrino that interacts with
it. This interaction is taken advantage of in detectors such as water Cherenkov and
liquid argon TPCs (discussed in the next section) which can reconstruct the track of the
emitted electron. Directionality helps experiments for SNEWS to point to the direction
of the supernova event.
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3.2 Supernova Neutrino Detectors
Detectors use the different properties of neutrino interactions to study about the neu-
trino. Some detectors detect the photons emitted from de-excitation, whereas some
detect the nucleon emission. Detectors that are built to detect supernova neutrinos
need to have a good resolution for the timing of each event, high resolution in measur-
ing neutrino energies and the ability to point in direction of the supernova. Detection
medium used in the detector dictate the sensitivity of the detector to different interac-
tions and therefore different detectors study different properties of the neutrino. The
background to signal ratio must be minimal to observe a supernova burst since the time
span for the explosion is less than 10s. Background noise can be caused by many factors
like ambient radioactivity from materials in the detector or the surroundings, cosmic
ray related background noise, low energy atmospheric neutrinos (and anti-neutrinos)
and solar neutrinos. Ambient radioactivity is only of significant concern if the energy
of these events coincide with the energy spectrum of supernova neutrinos, but most
ambient radiation have low energies. Cosmic ray related background noise can be re-
duced by building the detectors deep underground. The spatial distribution of cosmic
ray related neutron events are taken into consideration to tag such events in detectors
that are built in shallower places. Solar neutrino events and noise due to atmospheric
neutrinos have very small event rates as compared to the event rate from a supernova
explosion. Supernova event rates scale as
1
D2
where D is the distance to the super-
nova. Therefore for a detector to detect a supernova event far away, measures have to
be taken to significantly reduce the background noise to signal ratio.
3.2.1 Scintillation Detectors
Liquid scintillator detectors are primarily sensitive to νe. They have good energy and
time resolution but lack directionality. The primary interaction process taken advan-
tage of by this detector is the inverse beta decay νe + p −→ n + e+. The e+ produced
annihilates producing gamma rays. The produced neutron gets captured on a nu-
cleus which also produces a gamma ray. These gamma ray signals gives informa-
tion about the νe energy. Adding materials with high affinities to neutrons like Cd
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and Gd enhances the signal rate thereby extracting more information from the interac-
tion. Although liquid scintillators are primarily sensitive to ν, they are also sensitive
to νe by elastic scattering. Examples of liquid scintillator experiments are MiniBooNE
(Fermi National Accelerator Laboratory in Batavia, Illinois), SNO+ (Creighton mine
near Sudbury, Ontario, Canada), KamLAND (Toyama, Japan) and Borexino (Labora-
tori Nazionali del Gran Sasso, Italy). Borexino [32] uses the sensitivity of the detector to
νe by elastic scattering to study low energy solar neutrinos. Baksan Neutrino Observa-
tory (Russia) is another scintillation detector that detected SN neutrinos from SN1987A
[33]. The detector is still operational as of date.
3.2.2 Water Cherenkov Detectors
Light travels at different speeds in different medium depending on the refractive in-
dex of the medium. Water, which has a refractive index of 1.33 slows down the speed
of light to 75% its original speed. So a particle traveling faster than 0.75c in water
generates a streak of light known as the Cherenkov radiation (first discovered [34] by
Pavel Cherenkov, recipient of the 1958 Nobel Prize in Physics for this discovery). Water
Cherenkov detectors use this property to detect particles emitted by neutrino interac-
tions. The emitted particle creates a cone of light with the particle travelling along
its axis. This property can be used to calculate the direction of the particle by recon-
structing the cone. Interactions commonly resulting in Cherenkov radiation in water
are the electrons or muons emitted from CC interactions and the recoil electron from
neutrino-electron elastic scattering. The former is important for studying high energy
neutrinos and the elastic scattering interactions are commonly used to study neutri-
nos participating in low energy neutrino interactions such as solar neutrinos. Water
Cherenkov detectors are primarily sensitive to electron neutrinos since the scattering
of νe occurs by both CC and NC interactions. The NC interaction results in an exchange
of momentum from the neutrino to the electron whereas in CC interactions the incom-
ing neutrino gets converted to an electron by the exchange of a W boson which also
converts the initial electron to a neutrino. The sensitivity of water Cherenkov detec-
tors to electron neutrinos makes it highly sensitive to low energy neutrinos and can
detect both electron and muon neutrinos are higher energies. Water Cherenkov detec-
tors have good energy and time resolutions and also preserves directionality (linear for
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high energies and angular for both low and high energies).
Examples of water Cherenkov detectors: Super-Kamiokande (Kamioka, Gifu, Japan)
studies solar neutrinos, atmospheric neutrinos and is used as the far detector for KEK
to Kamioka (K2K) – Long Baseline Neutrino Oscillation Experiment and Tokai to Kamioka
(T2K) oscillation experiments); Irvine–Michigan–Brookhaven (IMB) proton decay ex-
periment, which was one of the two water Cherenkovs to detect neutrinos from 1987
Supernova. The other Cherenkov detector that detected neutrinos from SN1987A was
the original KamiokaNDE (Kamioka Nucleon Decay Experiment) detector (Kamioka,
Gifu, Japan). The detector say 11 neutrinos during the SN event [35]
3.2.3 Liquid Argon Time Projection Chambers
Liquid Argon Time Projection Chambers (LArTPCs) offer very high neutrino detection
efficiencies because of their high time resolution capability [36]. In LArTPCs, charged
particles travelling through the detector ionises the Liquid Argon detector medium.
The electrons resulting from the ionisation is then drifted by an applied electric field.
A three dimensional reconstruction of the interaction is then made by collecting the
electrons on wire panes. LArTPCs can identify particles more efficiently than tradi-
tional neutrino detectors like the water Cherenkov. Example of a LArTPC detector
is the MicroBooNE experiment [37] located at Fermi National Accelerator Laboratory
in Batavia, Illinois. Another example of a LArTPC based detector is the Deep Un-
derground Neutrino Experiment (DUNE) which is being built at the Sanford Under-
ground Research Laboratory in Lead, South Dakota.
3.2.4 Detectors using Heavy Nuclei
Interactions of neutrinos with heavier nuclei such as iron and lead yield comparatively
high event rates for both CC and NC interactions. Detectors using heavy nuclei as the
detection medium detects the emitted nucleon and leptons. Depending on the energy
of the incoming neutrino, a heavy nuclei based detector can see either a single neutron
for low incoming neutrino energies or multiple neutrons for high incoming neutrino
energies [30]. Incoming neutrino spectra can be studied by measuring the relative rates
of single vs multiple neutron events. Lead has high cross sections for CC 1n and 2n
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interactions of electron neutrino, although the threshold energy for these reactions are
high.
Figure 3.4: Cross sections (fig. from SNOwGLoBES (Engel, McLaughlin, Volpe, PRD
67 (2003) 013005)) for CC and NC 1n and 2n events for lead as a function of neutrino
energy [1]. The relative number of 1n and 2n events depends on the average neutrino
energy and spectral shape.
Fortunately, the threshold energies are in the same energy range as SN neutrinos.
This, combined with the sensitivity of Lead to νe makes Lead-based neutrino detectors
a perfect candidate for studying supernova neutrinos.
Neutrons are produced in a lead based detector by the following mechanism for
the CC reaction:
νe +
A Pb −→A Bi∗ + e− (3.4)
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The resulting excited nuclei, Bi∗, then returns to the ground state by emitting either
one or two neutrons for both CC and NC cases.
ABi∗ −→A−1,2 Bi∗ + (1, 2)n + γ (3.5)
Threshold energy (Eth) for producing 1n from equation 3.5 is 10.3 MeV and for pro-
ducing 2n, Eth =18.4 MeV.
For the NC case,
νx +
A Pb −→A Pb∗ + νx
APb∗ −→A−1,2 Pb∗ + (1, 2)n + γ
(3.6)
The threshold energy (Eth) for producing 1n from equation 3.6 is 7.4 MeV and for
producing 2n, Eth =14.1 MeV.
An example of a Lead based neutrino detector is the Helium and Lead Observatory
[2] (Sudbury, Canada)
3.3 Helium and Lead Observatory
Lead is is cheap, chemically stable and easily available making it practical to handle in
large quantities. Lead is also sensitive to electron neutrinos as compared to traditional
neutrino detectors which are primarily sensitive to νe [10]. This makes lead a perfect
choice for a supernova neutrino target. The primary lead isotope, 208Pb is rich in neu-
trons, and the absorption cross sections of neutrons are orders of magnitude smaller
than other materials. Compared to the other heavy nuclei than can be used in neutrino
detectors like Iron 56Fe which has a neutron capture cross section of −2.5 barn, Natu-
rally occurring lead has a thermal neutron capture cross section of−0.15 barn allowing
the neutron to pass through the lead to be captured on a counter and detected.
3.3.1 HALO
The Helium and Lead Observatory (HALO) is a neutrino detector located in the Creighton
mine near Sudbury, Ontario, Canada. The detector is built to be a low maintenance, in-
expensive and long term monitoring detector making it ideal for observing supernova
neutrinos. The detector uses 79 tonnes of Lead as a detection medium and is designed
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to detect supernova neutrinos from core-collapse supernovae within the Milky Way
galaxy. The main feature that makes HALO different from other neutrino detectors
is its sensitivity to e, µ and τ neutrino in addition to the νe usually observed. Energy
spectra of all the flavors of a supernova neutrino spectrum can therefore be extracted
by studying the interaction rates of neutrinos with lead.
Figure 3.5: Sensitivity of HALO compared to other detectors (fig. from C. Virtue, Lau-
rentian University, et al.) Most commonly used detector medium has sensitivities pri-
marily tuned to Neutral Current(NC) reactions and νe from Charged Current(CC) re-
actions. HALO, with lead as its detector medium, is sensitive to electron neutrinos
produced from CC reactions. This makes lead-based neutrino detection well suited for
observing and studying supernova neutrinos.
Using the HALO detector, single and multiple neutron products from lead can be
tagged and reconstructed. Spectral information can be inferred from the relative rates
of these single and multiple neutron events. This makes up for the detectors inability
to extract event by event energy information.
HALO is the only current example of a lead supernova detector. Since its primary
objective is the observation of supernova neutrino bursts which is not a frequent event,
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the hardware and electronic components used in the detector are designed and opti-
mized for last for a long time with limited maintenance. The detector itself is composed
of 3He neutron counters embedded within a matrix of lead that serves as the neutrino
target. Neutrons liberated in the decays of lead nuclei excited by neutrino interactions
by the CC and NC reactions mentioned in equations 3.4, 3.5 and 3.6 are captured in the
3He gas in the surrounding neutron counters.
The capture of neutrons by 3He proceeds by the following reaction [38]
3He + n −→1 H +3 H + E (3.7)
The value E = 764 KeV. 3He detectors output a pulse proportional to E for thermal
neutrons.
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Figure 3.6: HALO Detector [9] [10]. Image on the top left shows the detector construc-
tion of the HALO detector in Sudbury, Canada. The lead pipes are green colored and
the 3He detectors rest inside the lead pipes as shown in the schematic in the top right.
The bottom image shows the fully constructed HALO detector with 32 lead columns
with 3He counters embedded inside.
The present HALO detector in Sudbury uses 79 tons of lead as the detector medium.
The lead is shaped into a rectangular block with cylindrical openings where the neu-
tron counters (NCDs) rest. Each NCD has four columns of 3He filled cylinders inside.
There are a total of 32 columns of lead and each column is approximately three meters
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long. The whole structure is supported using steel columns.
3.3.2 HALO 1kt
HALO 1kt (1 kilo ton Helium and Lead Observatory, also referred to as HALO2), is a
proposed upgraded version of the HALO detector. As mentioned in its name, HALO
1kt uses 1000 tons of lead as the detector medium as compared to the 79 tons used by
HALO. HALO 1kt is proposed to be built at the Laboratori Nazionali del Gran Sasso
in Italy. The extra amount of lead is expected to give ten times more event rates as
compared to the HALO detector. HALO 1kt will be have 196 columns with a 28× 28
detector array. each of the NCDs comprised of 3He neutron counters are about 5.5m
long and are surrounded by 8mm thick polystyrene (CnHn). The total volume of the
lead matrix is 5.5× 4.5× 4.5m3. The lead matrix is enclosed with graphite on six sides
for shielding.
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Figure 3.7: HALO 1kt Detector Geometry (design used in HALO1kt Geant4 simulation
code, written by Dr Paul Voytas, Wittenberg)
The geometry shown in figure 3.7 is the proposed baseline design and is subjected
to change based on future research on optimizing HALO 1kt efficiencies.
Chapter 4
Simulation and Result
4.1 Supernova Flux Models Used
The most commonly used Equation of State (EoS) by Lattimer and Swesty (1991) [8],
which is based on the compressible liquid drop model including surface effects. The
LS220 equation of state is based on the single approximation for heavy nuclei. The
SFHo equation of state [39] is based on general relativistic radiation hydrodynamics in
spherical symmetry [40]. LS220 EoS, though old, is widely used in neutrino physics
studies. The SFHo EoS is a newer model (2013) and the EoS used is modified by taking
into account more recent neutron star observational results.
Differences between the SFHo and LS220 EoSs become large only slightly before
and after core bounce, when the central density exceeds normal nuclear matter density.
The post-bounce mass accretion phase prior to the possible onset of an explosion is
ideal to study the PNS contraction behavior, which reflects the EOS underlying nuclear
matter properties for a given progenitor choice.
Two supernova explosions of progenitor star mass stars of 27 M and 9.6 M sim-
ulated by the Garching [41] [7] group using two equations of state LS220 and SFHo are
used for studies involved in this thesis. The simulations of the four supernova explo-
sions done by the Garching group were done using the PROMETHEUS-VERTEX [42]
SN Code. This results in the simulation being spherically symmetric which shows the
whole burst. The code also treats µ and τ neutrinos separately.
The progenitor star of mass 27 M simulated is assumed to have an Iron core
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whereas the progenitor star of mass 9.6 M has a core composition of O, Ne and Mg.
Categorized as a low-mass star, the supernova explosion of 9.6 M star has a core col-
lapse by rapid electron capture on the Ne and Mg nuclei. The accretion phase of this
model is smaller. Compared to the star of mass 27 M, the 9.6 M star supernova is
less energetic and has a cooler Fe core.
Figure 4.1: The graph shows luminosity and Energy plotted against time for the SN
simulation done by the Garching group for a progenitor star of mass 27 M using the
LS220 EoS. To show the shape of the graph more clearly during the initial stages of
collapse, the time axis of the plot runs till 0.1s of the supernova explosion.
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Figure 4.2: Also plotted from 0 to 0.1s of the supernova explosion, this graph shows lu-
minosity and Energy plotted against time for the SN simulation done by the Garching
group for a progenitor star of mass 9.6 M using the LS220 EoS.
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Figure 4.3: The graph shows luminosity and Energy plotted against time for the SN
simulation done by the Garching group for a progenitor star of mass 27 M using the
SFHo EoS.
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Figure 4.4: The graph shows luminosity and Energy plotted against time for the SN
simulation done by the Garching group for a progenitor star of mass 27 M using the
SFHo EoS.
Simulations done using the same equation of state for two different progenitor star
masses 27 M, the 9.6 M show significant deviations in luminosity. There is also a
slight variation in the luminosity graphs for the supernova explosion of the same mass
progenitor simulated using different equations of state. The luminosity vs time graphs
corresponding to the LS220 EoS show a slightly higher luminosity as compared to the
luminosity time graphs for SFHo. These graphs show major deviations between mod-
els in the accretion region for simulations done using the same equation of state but
with different progenitor masses.
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Figure 4.5: The graph shows accretion regions for simulations done using 27 M pro-
genitor star with LS220 EoS (top left), 9.6 M progenitor star with LS220 EoS (top right),
27 M progenitor star with SFHo EoS (bottom left) and 9.6 M progenitor star with
SFHo EoS (bottom right). Graphs show a sharp fall in luminosity for the smaller star
in this region.
4.2 SNOwGLoBES simulation
SNOwGLoBES [11] is a software developed to calculate neutrino interaction rates as
a function of neutrino energy [1]. The software also outputs a “smeared” spectrum
which shows the spectrum as observed in a detector. SNOwGLoBES uses GLoBES
[43] [44] as its parent software. The latter takes in input fluxes, cross sections, interac-
tion product spectra, detector response and post-smearing efficiencies to calculate the
interaction rates A flowchart of SNOwGLoBES is shown in Figure 4.6.
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Figure 4.6: SNOwGLoBES flowchart [11]. The software takes in flux data, cross sections
of the detector medium, detector smearing and post smearing efficiencies as input to
generate interaction rates and smeared rates. For the purposes of this thesis, only in-
teraction rates are used since the simulation software Geant4 (explained in the next
section) provides a more detailed detector smearing output as compared to SNOw-
GLoBES. SNOwGLoBES is a primarily a software to quickly compute interaction rates
without detailed simulations taking into account the geometry of the detector.
The main purpose of SNOwGLoBES is for particle physicists to study how the ob-
served flux varies with different detector configurations. Currently, the software does
not support time dependence. Flux files containing integrated luminosities (Fluences)
are manually generated which are then used as input for SNOwGLoBES.
Creating the Flux files From the simulations done by the Garching group for the
two supernova explosions of progenitor star mass 27 M and 9.6 M using the LS220
and SFHo equations of state gave time dependant information for the Luminosity (L),
Average Energy (Eν) and Average Energy squared (E2ν).
Using these values the approximate spectral form was calculated using
φ(Eν) =
1
4piD2
L
Eν
(αν + 1)(αν+1)
EνΓ(αν + 1)
(
Eν
Eν
)αν
exp
(
−(αν + 1)Eν
Eν
)
(4.1)
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where D is the distance to the supernova, set to 10 kpc. E values are energy values from
0.0001 GeV to 0.1001 GeV in steps of 0.0002 GeV. Γ is the gamma function and α gives
the spectral pinching.
The spectral pinching for each of the four models were computed using
E2ν
Eν
2 =
2 + α
1 + α
(4.2)
results in the following time dependent graphs. The values of spectral pinching show
large variations in the neutronization region. This is mainly due to the quickly varying
energy values for the different neutrino flavors, specifically for νe as compared to other
flavors, in this region. The fluctuations can be seen from Figures 4.1, 4.2, 4.3 and 4.4.
Figure 4.7: This graph shows the calculated values of spectral pinching using equation
4.2. The graph is zoomed in on the neutronization region to show the variations in
spectral pinching for SN simulations done using 27 M progenitor star with LS220
EoS (top left), 9.6 M progenitor star with LS220 EoS (top right), 27 M progenitor star
with SFHo EoS (bottom left) and 9.6 M progenitor star with SFHo EoS (bottom right).
To explore the interaction of neutrons in the HALO 1kt detector, spectral forms
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were calculated for four different sections of the supernova explosion – Infall, Neu-
tronization, Accretion and Cooling. SNOwGLoBES flux files require 501 rows of en-
ergy values ranging from from 0.0001 GeV to 0.1001 GeV in the first column and the
neutrino fluences (time integrated flux) corresponding to νe , νµ , ντ , νe , νµ and ντ
respectively as successive columns. The fluences for the pairs νµ, ντ and νµ , ντ were
assumed to be the same.
To obtain the flux files accurately for each section of the supernova explosion, the
discrete data points in the data obtained from the Garching simulation were fit with
splines. The spline fit was done by interpolating the discrete data points. Splines were
fit for luminosity vs time, average energy vs time and the average energy squared vs
time for each of the four supernova models used in the analysis.
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Figure 4.8: An intermediate computation step involves creating a spline fit to the
Garching simulation data obtained. This is mainly because the flux files to be com-
puted for the four sections corresponding to the different stages of the SN explosion
required 501 rows of data corresponding to energy values between from 0.0001 GeV
to 0.1001 GeV. The provided data was discrete and fitting a spline by interpolating the
given data helps compute the fluences.
With the values for pinching parameter estimated for all four models and the lu-
minosity and average energy splines generated, fluences were computed for the four
different supernova models. The fluences shown in the following graphs are for super-
novae explosions at 10 kpcs from the detector. For reference, 10 kpc = 3.086× 1020m
(≈ 32600 light years, ≈ 2× 1017 miles!).
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Figure 4.9: This graph shows fluence spectrum computed for different stages of explo-
sion for the supernova simulation done by the Garching group for a progenitor star
of mass 27 M using the LS220 Equation of State(EoS). The fluences shown are for a
supernova event observed at 10 kpc from the detector.
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Figure 4.10: This graph shows fluence values computed for different stages of explo-
sion for the supernova simulation done by the Garching group for a progenitor star of
mass 9.6 M using the LS220 EoS. The graphs show smaller values of fluence as com-
pared to the SN simulation results of progenitor star of mass 27 M. The fluence value
is significantly smaller in the accretion region.
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Figure 4.11: This graph shows fluence spectrum computed for different stages of ex-
plosion for the supernova simulation done by the Garching group for a progenitor star
of mass 27 M using the SFHo EoS.
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Figure 4.12: This graph shows fluence values computed for different stages of explo-
sion for the supernova simulation done by the Garching group for a progenitor star of
mass 9.6 M using the SFHo EoS.
The simulation is then carried out in SNOwGLoBES for the Lead based HALO 1kt
detector. By by taking into account the cross sections of the materials used in the de-
tector medium, the detector mass and the resolution for the experimental setup the
SNOwGLoBES simulations then yield the results of neutrino interaction with lead by
giving event rates as the output for each flavor of the neutrino in the detector. The
SNOwGLoBES software generate events corresponding to different interaction pro-
cesses neutrinos can have with the detector medium, 208Pb. SNOwGLoBES also out-
put interaction rates using the smearing efficiency of the detector. For the simulation
done using Geant4 in the next section, only unsmeared, unweighted interaction rates
are considered.
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Figure 4.13: This figure shows a heat-map plot of different total event counts (un-
smeared, unweighted) of the electron neutrino with the lead detector medium. Neutral
current events on the x axis are labelled with an ’nc’ and the interactions are tagged as
either a 1n or a 2n event. Charged current events that proceed through a 1n or a 2n
process is simply marked as ’1n’ and ’2n’. The graph also show the total events of νe
interactions that occur without the production of a neutron, although these reactions
are not relevant for simulations of the HALO 1kt detector as the detector cannot tag
these events. Clockwise from top – electron neutrino total events for SN simulations
done using 27 M progenitor star with LS220 EoS, 9.6 M progenitor star with LS220
EoS, 9.6 M progenitor star with SFHo EoS and for the 27 M progenitor star with
SFHo.
Electron neutrino shows significantly higher event rates as compared to the other
neutrino flavors. This is expected since the luminosity of νe was significantly higher
than the other neutrino flavors especially in the neutronization region. The graphs are
normalized with respect to the interaction that generated the highest event count. This
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is done to show how the relative impact of the different SN flux models on SNOw-
GLoBES event rate generation
Figure 4.14: This figure shows a heat-map plot of total event counts for all flavors of
neutrinos other than electron neutrino for all 4 supernova models. Clockwise from top
– electron neutrino total events for SN simulations done using 27 M progenitor star
with LS220 EoS, 9.6 M progenitor star with LS220 EoS ,9.6 M progenitor star with
SFHo EoS and for the 27 M progenitor star with SFHo.
From the simulations of each of the supernova models, the event rates correspond-
ing to each of the supernova models were obtained. The rows correspond to the fol-
lowing events respectively: νe CC 1n, νe CC 2n, νe NC 1n, νe NC 2n, νe NC 1n, νe NC
2n, νx NC 1n , νx NC 1n, νx NC 1n and νx NC 2n. ( νx = νµ and ντ and νx are the
corresponding anti neutrinos.
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Figure 4.15: Chart of expected 1 neutron and 2 neutron events corresponding to the
supernova simulation done by the Garching group for a progenitor star of mass 27 M
using the LS220 Equation of State(EoS). The rates are normalized to 1 to show relative
event rates. The rows correspond to the following events respectively: νe CC 1n, νe CC
2n, νe NC 1n, νe NC 2n, νe NC 1n, νe NC 2n, νx NC 1n , νx NC 1n, νx NC 1n and νx NC
2n. ( νx = νµ and ντ and νxs are the corresponding anti neutrinos.)
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Figure 4.16: Chart of expected 1 neutron and 2 neutron events corresponding to the
supernova simulation done by the Garching group for a progenitor star of mass 9.6 M
using the LS220 Equation of State(EoS). The rates are normalized to 1 to show relative
event rates. The rows correspond to the following events respectively: νe CC 1n, νe CC
2n, νe NC 1n, νe NC 2n, νe NC 1n, νe NC 2n, νx NC 1n , νx NC 1n, νx NC 1n and νx NC
2n. ( νx = νµ and ντ and νxs are the corresponding anti neutrinos.)
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Figure 4.17: Chart of expected 1 neutron and 2 neutron events corresponding to the
supernova simulation done by the Garching group for a progenitor star of mass 27 M
using the SFHo Equation of State(EoS). The rates are normalized to 1 to show relative
event rates. The rows correspond to the following events respectively: νe CC 1n, νe CC
2n, νe NC 1n, νe NC 2n, νe NC 1n, νe NC 2n, νx NC 1n , νx NC 1n, νx NC 1n and νx NC
2n. ( νx = νµ and ντ and νxs are the corresponding anti neutrinos.)
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Figure 4.18: Chart of expected 1 neutron and 2 neutron events corresponding to the
supernova simulation done by the Garching group for a progenitor star of mass 9.6 M
using the SFHo Equation of State(EoS). The rates are normalized to 1 to show relative
event rates. The rows correspond to the following events respectively: νe CC 1n, νe CC
2n, νe NC 1n, νe NC 2n, νe NC 1n, νe NC 2n, νx NC 1n , νx NC 1n, νx NC 1n and νx NC
2n. ( νx = νµ and ντ and νxs are the corresponding anti neutrinos.)
Computing the ratio of 2n/1n events is necessary to determine the type of super-
nova model the observed data corresponds to. The HALO 1kt detector can erroneously
tag a 1n event as a 2n event depending on the incoming energy of the neutrino. This
combined with the small number of events that HALO 1kt “sees” from a supernova ex-
plosion makes it hard to identify which supernova model, the observation corresponds
to. Multiple simulations of the same supernova event is therefore simulated in Geant4
to minimize this error.
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Figure 4.19: Expected Ratio 2n/1n for all 4 supernova events. All ratios are rounded to
three decimal places. The high energy neutrinos produced in the accretion and cool-
ing region results in more 2 neutron events in these regions. The ratio is significantly
higher for the supernova models involving a massive progenitor star.
4.3 Geant4 Simulation
The Geant4 software used in many areas of physics and is very useful for designing
and simulating particle detection in a detector [45]. The main feature of the software
is that it can simulate the motion of particles through matter. The geometry of the de-
tector is used for simulation and therefore the software can give an output that closely
matches real events. Geant4 does not simulate the interaction of particles with the
detector medium – the interaction of neutrinos with Lead is computed using SNOw-
GLoBES and the resulting neutrons are then simulated in the detector to study the time
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it takes to reach the 3He neutron counter. The software also outputs the number of neu-
trons detected per event. Using the event rates for each model from the SNOwGLoBES
simulation, neutrons can be now simulated in the HALO 1kt detector using the Geant4
software. The software simulates the passage of particles through matter. The HALO
detector can only provide three details from a neutrino event: The occurrence of one
neutron (1n) or multi-neutron event(2n), the time of capture and the location of cap-
ture. The location of capture is essential for detector design, but for this thesis the main
results that are essential to distinguish supernova models are the occurrences of 1n vs
2n events and the time of capture.
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Figure 4.20: Neutron Energy distribution histogram used in Geant4 simulation. The
assumption made during simulations is that the neutron generated by neutrino in-
teraction on lead follows the spectrum as shown in this figure for each stage of the
supernova explosion. The shaded region of the graphs show energy values where
multi–neutron events are possible.
The assumption used in these simulations is that the neutron energy distribution is
the same for each section of the supernova explosion. The simulations also assume the
normal mass hierarchy of neutrinos with zero oscillations.
One neutron each was simulated for each run of the 1n event and two neutrons at
two different locations were used as input for the 2n events. Since the neutrons follow
a spectrum and taking into account the design of the detector, possible results from the
simulation such as 1n event tagged as 2n, 2n event tagged as 1n event or both 1n and
2n event detected as a multi neutron (> 2) event are possible.
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4.3.1 Detector Geometry
Above ∼ 7 MeV, secondary neutrons can be produced, so that sometimes a 1 neutron
interaction will be observed as a double. The design must therefore be optimized to
produce the highest one and two neutron counting efficiency while minimizing the
number of detectors and amount of critical materials. Currently, the modeled 1n effi-
ciency is ∼ 53% for a 28× 28 array of detectors which amounts to about 10, 000 L-atm
of 3He.
4.3.2 Results from Geant4 Simulation
Simulations were carried out for each of the four supernova models at three distances
– 5 kpc, 10 kpc and 15 kpc. The simulations for each model at a particular distance was
run four times to compute the average event rates. From these simulations, the data for
expected and observed events for the four different supernova explosions were taken.
The plots corresponding to the data are shown below.
Figure 4.21: Histogram showing the expected and observed (1n and 2n events graphed
separately) for the SN event corresponding to the progenitor star of mass 27 M using
LS220 EoS at three different distances. The y-axis of the graph is in log10 scale and
the x-axis shows the different stages of explosion. The histogram line in blue shows
the expected events, red lines show observed 1n events and the yellow lines show
observed 2n events.
From the graph, it can be observed that the closer the supernova event is to the
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detector, the more high energy neutrons causing multi-neutron events are obtained.
Geant4 also tags some 1n events as 2n since the energy distribution of the neutron
shown in Figure 4.20 allows high energy neutrons to be obtained at any stage. The
graphs show the total number of 2n events tagged in each region. The SN explosions
simulated at 15 kpc shows lesser event rates – this is because the flux of incoming
neutrinos scale as
1
D2
, where D = 15 kpc, resulting in much less event rates as compared
to the other two graphs. This is also the reason why the detector is unable to see any
event from the Infall region.
Figure 4.22: Histogram showing the expected and observed (1n and 2n events graphed
separately) for the SN event corresponding to the progenitor star of mass 9.6 M using
LS220 EoS at three different distances.
The event rates for the results of the supernova model shown in Figure 4.22 are
significantly lower especially in the accretion region as compared to Figure 4.21. This
is expected since the graph shown in Figure 4.5 show a significant difference in lumi-
nosity as the mass of the progenitor star gets smaller. 2n events are hardly observed
for this SN model at 15 kpc.
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Figure 4.23: Histogram showing the expected and observed (1n and 2n events graphed
separately) for the SN event corresponding to the progenitor star of mass 27 M using
SFHo EoS at three different distances.
The results in figure 4.23 show a similarity to the SN model of same mass in figure
4.21 but with a different EoS.
Figure 4.24: Histogram showing the expected and observed (1n and 2n events graphed
separately) for the SN event corresponding to the progenitor star of mass 9.6 M using
SFHo EoS at three different distances.
To make a better comparison, the graphs are analysed for all for models at fixed
distance in the next section. This helps make comparisons between the models.
Chapter 5
Analysis of Results
Note on nomenclature of models used in this section: For convenience, the supernova
models used in analysis are abbreviated as follows: “LS220S27” – Results of the Garch-
ing simulation of supernova explosion using the model with LS220 equation of state
for a progenitor star of mass 27 M. “LS220Z96” – Results of the Garching simulation
of supernova explosion using the model with LS220 equation of state for a progenitor
star of mass 9.6 M. “SFHoS27” – Results of the Garching simulation of supernova
explosion using the model with SFHo equation of state for a progenitor star of mass
27 M. “SFHoZ96” – Results of the Garching simulation of supernova explosion using
the model with SFHo equation of state for a progenitor star of mass 9.6 M.
The graphs for all four supernova models are plot at specific distances (For all anal-
ysis in this section, the expected and observed results will be compared at specific
distances).
61
62
Figure 5.1: The graph shows the result of the four supernova explosion models simu-
lated at a distance of 5 kpc from the detector. The values in this graphs are averaged
over four runs.
At this distance, the graphs show similar results depending on the size of the pro-
genitor star. Multi neutron events are observed for all four models.
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Figure 5.2: The graph shows the result of the four supernova explosion models simu-
lated at a distance of 10 kpc from the detector. The values in this graphs are averaged
over four runs.
Distance of 10 kpc is taken as a standard for most neutrino physics simulations to
make the comparison of results easier.
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Figure 5.3: The graph shows the result of the four supernova explosion models simu-
lated at a distance of 15 kpc from the detector. The values in this graphs are averaged
over four runs.
5.1 Computing 2n to 1n Ratios
One of the useful features of the HALO detector is to detect 1n and 2n events. From
the expected ratios shown in figure 4.19, The expected 2n/1n ratio can be plot for each
model separately.
65
Figure 5.4: Expected 2n/1n ratio from SNOwGLoBES simulation results. Since only
the number of events change with distance, the expected 2n/1n ratio remains the same
for SN models simulated at any distance.
The observed 2n/1n events from the simulation results of the four different super-
nova explosions can now be graphed in the same way.
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Figure 5.5: Observed 2n/1n event ratio from the Geant4 simulation of all four super-
nova models simulated at a distance of 5 kpc
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Figure 5.6: Observed 2n/1n event ratio from the Geant4 simulation of all four super-
nova models simulated at a distance of 10 kpc
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Figure 5.7: Observed 2n/1n event ratio from the Geant4 simulation of all four super-
nova models simulated at a distance of 15 kpc
5.2 Comparing observed ratios to expected ratios
Comparing the observed ratios of 2n/1n to the expected 2n/1n ratio helps determine
how much the observed ratios deviate from the expected ratio. To compute this we
take the ratio
Ratioobs/exp =
(
2n
1n
)
obs(
2n
1n
)
exp
(5.1)
Ratioobs/exp is then plot for each of the four SN models. An ideal detector will have
Ratioobs/exp = 1. The difference from this value tells us how different the observed data
is from the model. This difference, known as the residual value (e) can be calculated
by
ei = (Ratioobs/exp)i − 1 (5.2)
where the variable i corresponds to the different stages of supernova explosion – Infall,
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Neutronization, Accretion and Cooling.
Figure 5.8: Ratioobs/exp from the Geant4 simulation of all four supernova models simu-
lated at a distance of 5 kpc
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Figure 5.9: Ratioobs/exp from the Geant4 simulation of all four supernova models simu-
lated at a distance of 10 kpc
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Figure 5.10: Ratioobs/exp from the Geant4 simulation of all four supernova models sim-
ulated at a distance of 15 kpc
5.3 Error Estimation
For a histogram containing number of events Ni in each bin, has a Poissonian error of√
Ni. If for observed events, the error in each bin is
√
Niobs and for the expected events
the corresponding errors are
√
Niexp, the propagated error, σobs/exp, can be expressed
as
σobs/exp =
obs
exp
∗
( (√Ni)obs
(Ni)obs
)2
+
(
(
√
Ni)exp
(Ni)exp
)2
1
2
(5.3)
which simplifies to
σobs/exp =
obs
exp
∗
((
1
(Ni)obs
)
+
(
1
(Ni)exp
))1
2 (5.4)
The error-bars on the graphs can now be determined using the expression for σobs/exp
for each of the SN models at each distance. The graphs for the same are shown below.
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The horizontal blue line in each graph shows the value an ideal detector should have
a Ratioobs/exp = 1. The mean residuals shown in the graphs is the average difference
between the observed ratio and the expected Ratioobs/exp = 1. A small value of mean
residual implies that the observed values are close to the expected values. The graphs
can be interpret by counting the number of observed ratio (with error-bars) that fall on
the blue horizontal line of Ratioobs/exp = 1 and the mean residual value. If multiple
graphs have the same number of data points (with error-bars) falling on the horizontal
line of Ratioobs/exp = 1, the correlation can be calculated from its corresponding resid-
ual values. A detailed analysis of the graphs can be done using a χ2 analysis which
will be discussed later.
Figure 5.11: Ratioobs/exp from the Geant4 simulation of all four supernova models sim-
ulated at a distance of 5 kpc with propagated Poisson error-bars. The blue line shows
the value an ideal detector should have – Ratioobs/exp = 1. The mean residuals shown
in the graphs is the average difference between the observed ratio and the expected
Ratioobs/exp = 1.
Three out of four graphs have all four data points that lie in range of the expected
Ratioobs/exp = 1, This shows that the observed ratios correlate well with the expected
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ratio. The ratio obtained from the model that uses LS220 EoS for a progenitor star
of mass 9.6 M shows a deviation from the expected value. This indicates that the
neutrons obtained from lead interactions of neutrinos from the said model cannot be
traced back to the correct model with minimal uncertainty by the HALO 1kt detector. A
similar analysis can be drawn from the graphs of simulation results of the SN explosion
done at 10 kpc and 15 kpc.
Figure 5.12: Ratioobs/exp from the Geant4 simulation of all four supernova models sim-
ulated at a distance of 10 kpc with propagated Poisson error-bars. The blue line shows
the value an ideal detector should have – Ratioobs/exp = 1.
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Figure 5.13: Ratioobs/exp from the Geant4 simulation of all four supernova models sim-
ulated at a distance of 15 kpc with propagated Poisson error-bars. The blue line shows
the value an ideal detector should have – Ratioobs/exp = 1.
For the SN events simulated at 10 kpc and 15 kpc, the fraction of data points (with
error-bars) that fall within range of Ratioobs/exp = 1 gets further away from 1 indicating
that the uncertainties in tagging an event correctly gets larger as a SN event happens
further away.
5.4 Cross Comparing models
The analysis done is the previous section compared the observed model at a distance to
its corresponding expected model. But, given that the models itself are not so different
from each other, chances are that an observed model could be tagged as a different
model than it originally is. To explore this further, it is necessary to know how well
the models correlate to each other. The best way to do so is to perform a correlation
hypothesis test. Using the p-values obtained for a Pearson’s correlation test determines
the chance of obtaining a given data at random. Using these p-values, we can find a
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percentage match of the models to each other.
Figure 5.14: Model to model comparison of Ratioobs/exp. The graph shows how well
(%match) the SN models in the rows match the SN models in the columns (or vice-
versa).
As expected the diagonal elements of the percentage-match matrix show 100%. But,
the models also match each other. Consider the supernova models of two stars of dif-
ferent masses simulated using the SFHo equation of state. The models match each
other almost exactly. This means that even if the supernova event happened at a dis-
tance < 10kpcs, there is a good chance that the SN event could be tagged wrong. To
elucidate, it would be hard to tell apart a SN event of a massive star further away,
against a SN event of a smaller star at a closer distance if they both follow the SFHo
EoS.
In this section, the different observed models will be compared to each of the ex-
pected event to compute how probable it is to tag a certain SN event as another.
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5.4.1 Simulations done at 5 kpc
In the previous section, for the data obtained by running simulations at a supernova
distance of 5 kpc, the comparison between observed ratios from a model to the ex-
pected ratios from the same model showed significant correlations except for the ratio
obtained from the model that uses LS220 EoS for a progenitor star of mass 9.6 M. But
in real life analysis, it is impossible to know what model the supernova explosion ac-
tually follows. As we can see from figure 5.14, the ratios obtained from the models
compared to different models yield a percent correlation that does not show a signif-
icant difference. Chances are that an observed event at a supernova distance as close
as 5 kpc can result in data that matches a different SN model than it actually is. The
graphs below compare each model of the SN explosion used in this thesis to every
other model used.
Figure 5.15: Comparison of Ratioobs/exp obtained from the model that uses LS220 EoS
for a progenitor star of mass 27 M (“LS220S27”) to four SN models (including the
same SN model.) All simulations were done at a supernova distance of 5 kpc.
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Figure 5.16: Comparison of Ratioobs/exp obtained from the model that uses LS220 EoS
for a progenitor star of mass 9.6 M (“LS220Z96”) to four SN models (including the
same SN model.) All simulations were done at a supernova distance of 5 kpc.
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Figure 5.17: Comparison of Ratioobs/exp obtained from the model that uses SFHo EoS
for a progenitor star of mass 27 M (“SFHoS27”) to four SN models (including the
same SN model.) All simulations were done at a supernova distance of 5 kpc.
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Figure 5.18: Comparison of Ratioobs/exp obtained from the model that uses SFHo EoS
for a progenitor star of mass 9.6 M (“SFHoZ96”) to four SN models (including the
same SN model.) All simulations were done at a supernova distance of 5 kpc.
5.4.2 Simulations done at 10 kpc
This section shows all the graphs obtained by comparing the ratio of observed
2n
1n
fraction for different sections of a particular simulated supernova explosion occurring
at a distance of 10 kpc to the expected ratios of
2n
1n
from other SN models.
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Figure 5.19: Comparison of Ratioobs/exp obtained from the model that uses LS220 EoS
for a progenitor star of mass 27 M (“LS220S27”) to four SN models (including the
same SN model.) All simulations were done at a supernova distance of 10 kpc.
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Figure 5.20: Comparison of Ratioobs/exp obtained from the model that uses LS220 EoS
for a progenitor star of mass 9.6 M (“LS220Z96”) to four SN models (including the
same SN model.) All simulations were done at a supernova distance of 10 kpc.
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Figure 5.21: Comparison of Ratioobs/exp obtained from the model that uses SFHo EoS
for a progenitor star of mass 27 M (“SFHoS27”) to four SN models (including the
same SN model.) All simulations were done at a supernova distance of 10 kpc.
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Figure 5.22: Comparison of Ratioobs/exp obtained from the model that uses SFHo EoS
for a progenitor star of mass 9.6 M (“SFHoZ96”) to four SN models (including the
same SN model.) All simulations were done at a supernova distance of 10 kpc.
5.4.3 Simulations done at 15 kpc
This section shows all the graphs obtained by comparing the ratio of observed
2n
1n
fraction for different sections of a particular simulated supernova explosion occurring
at a distance of 15 kpc to the expected ratios of
2n
1n
from other SN models.
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Figure 5.23: Comparison of Ratioobs/exp obtained from the model that uses LS220 EoS
for a progenitor star of mass 27 M (“LS220S27”) to four SN models (including the
same SN model.) All simulations were done at a supernova distance of 15 kpc.
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Figure 5.24: Comparison of Ratioobs/exp obtained from the model that uses LS220 EoS
for a progenitor star of mass 9.6 M (“LS220Z96”) to four SN models (including the
same SN model.) All simulations were done at a supernova distance of 15 kpc.
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Figure 5.25: Comparison of Ratioobs/exp obtained from the model that uses SFHo EoS
for a progenitor star of mass 27 M (“SFHoS27”) to four SN models (including the
same SN model.) All simulations were done at a supernova distance of 15 kpc.
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Figure 5.26: Comparison of Ratioobs/exp obtained from the model that uses SFHo EoS
for a progenitor star of mass 9.6 M (“SFHoZ96”) to four SN models (including the
same SN model.) All simulations were done at a supernova distance of 15 kpc.
5.5 χ2 Analysis
The residuals, calculated using equation 5.2 gave a rough idea on how the observed
ratio of 2n/1n events corresponds to the expected ratio of 2n/1n events. With the cal-
culated values of residuals for each section of the supernova, ei, (where i corresponds to
the residuals obtained in the different stages of SN explosion – Infall, Neutronization,
Accretion and Cooling) and the error obtained on the Ratioobs/exp values, σobs/exp, we
can analyse the data in depth by calculating the χ2 values. The χ2jk value for showing
correlation between two models j and k (where j and k are the SN models LS220S27,
LS220Z96, SFHoS27 and SFHoZ96) can be calculated by
χ2jk =∑
i
(
(ei)jk
(σi)jk
)2
(5.5)
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Where,
(ei)jk = (Ratio(obs)j/(exp)k)i − 1 (5.6)
and
(σi)j/k =
√
1
(Ni)j
+
1
(Ni)k
(5.7)
Same values of j and k implies that the observed ratio of 2n/1n from a model are
compared to the expected 2n/1n ratio from the same model. With j and k having four
values each, the χ2jk values can be displayed as 4 × 4 matrices for supernova events
simulated at different distances.
5.5.1 χ2 Values
Using equation 5.5, the χ2jk values are calculated from residuals of different models and
compared to all models studied. For the heatmap graphs below the columns show the
supernova models where the observed ratio of 2n/1n originated from and the rows
show the supernova model the 2n/1n ratio is compared to.
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Figure 5.27: The figure shows a heat map of calculated values of χ2 at 10 kpc. The
columns show the SN models where the observed ratio of 2n/1n originated from and
the rows show the SN model the 2n/1n ratio is compared to.
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Figure 5.28: The figure shows a heat map of calculated values of χ2 at 10 kpc. The
columns show the SN models where the observed ratio of 2n/1n originated from and
the rows show the SN model the 2n/1n ratio is compared to.
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Figure 5.29: The figure shows a heat map of calculated values of χ2 at 15 kpc. The
columns show the SN models where the observed ratio of 2n/1n originated from and
the rows show the SN model the 2n/1n ratio is compared to.
Although not much can be deciphered from the χ2 values themselves, calculating
these values are necessary for a hypothesis test.
5.5.2 Hypothesis testing
Hypothesis testing determines the probability of a given hypothesis being true. A
null hypothesis, H0, says that the observations are obtained at random and has no
relevance to the data it is compared to. In our case, the null hypothesis would state
that the observed ratio of 2n/1n was not obtained from the model it is compared to. To
accept/reject this null hypothesis, we compute the “P-Value”(p). A p-value gives the
probability of obtaining the result at random assuming the null hypothesis is true. A
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small p value would indicate a strong value against the null hypothesis.
To determine how small the p-value should be before the null hypothesis is re-
jected, a confidence value (also called the significance value or simply alpha-value),
α, is usually set for an experiment. Typically if the probability of obtaining the result
at random assuming the null hypothesis is true is greater than 5% (p> α, α = 0.05),
the null hypothesis is accepted to be true. For the purposes of this thesis, a confidence
level of α = 0.1 will be chosen. A p-value < α is statistically significant and the null
hypothesis is rejected.
P-Values calculated (using ’chi2cdf’ function in MATLAB [46] software) for SN sim-
ulations done at different distances for four degrees of freedom (corresponding to the
ratios obtained for the four stages od supernova explosion) are shown below.
Figure 5.30: The figure shows a heat map of calculated p values from χ2 values at
10 kpc. The columns show the SN models where the observed ratio of 2n/1n originated
from and the rows show the SN model the 2n/1n ratio is compared to.
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Referring to figure 5.15, we can see that the data points of L220S27 Ratioobs/exp
(with error-bars) correlate well with the horizontal line at Ratioobs/exp = 1 for both
L220S27 and SFHoS27 models. The other two models (LS220Z96 and SFHoZ96) have
has 25%− 50% of the data points that has a range outside Ratioobs/exp = 1. Looking
at the first column in the P-Value graph in figure 5.30, we see that the p values for
LS220S27 model when compared to models LS220Z96 and SFHoZ96 gave a p-value
much greater than the statistically significant value of p<= 0.1. Both results indicate
that the 2n/1n ratios obtained from LS220S27 model does not correlate to the expected
2n/1n ratios of models LS220Z96 and SFHoZ96.
However, in the second column, the observed 2n/1n ratio from the LS220Z96 has
statistically significant correspondence to every both the models using SFHo EoS, al-
though the observed ratio failed to show any correspondence to its true model.
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Figure 5.31: The figure shows a heat map of calculated p values from χ2 values at
10 kpc. The columns show the SN models where the observed ratio of 2n/1n originated
from and the rows show the SN model the 2n/1n ratio is compared to.
At 10 kpc distance, the ratios become more correlated to each other. While there
was a significant difference in the range of p-values for the 5 kpc run, the 1/D2 scaling
at 10 kpc makes it harder for the detector to distinguish supernova models. But, there
are statistically significant correlations along the diagonal of the matrix which is still a
good indication of the detector’s ability to distinguish SN models at this distance.
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Figure 5.32: The figure shows a heat map of calculated p values from χ2 values at
15 kpc. The columns show the SN models where the observed ratio of 2n/1n originated
from and the rows show the SN model the 2n/1n ratio is compared to.
At 15 kpc distance, there are almost no statistically significant correlations between
the observed and expected models for the statistically significant value of p<= 0.1.
From the graph we see that the detector can tag any SN event as LS220S27 or SFHoS27
models.
Chapter 6
Discussion of Results
6.1 Percentage chance of correlation between models
A p-value gave the probability of obtaining the result at random assuming the null
hypothesis of no correlation is true. Conversely, we can obtain the probability of ob-
taining the result assuming that the null hypothesis is false by subtracting the p-value
from 1. Multiplying this number by 100 will then convert it into a percentage chance
of correlation between the models. Percentage chance of correlation is a great way to
visualize the effect of p-value on comparisons. The confidence level, α, was chosen
to be 0.1 and therefore accepted correlations should have a percentage chance of cor-
relation > 90%. A plot of percentage chance of correlation is a more convenient way
of visualizing correlation between models. Percentage chances of correlation are plot
separately for supernova simulations done at different distances.
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Figure 6.1: Percentage chance of correlation values obtained for simulations done at a
supernova distance of 5 kpc. Percentage chance of correlation values help visualize the
effect of p-value on model–model comparison. Only models with percentage chance
of correlation values > 90% are statistically significant. All other values do not show
any statistically significant correlation.
At 5 kpc, the observed ratios of 2n/1n from the LS220S27 SN model shows a corre-
lation with both SN models that had a progenitor star of mass 27 M. The correlation of
LS220S27 SN model with the two SN models that had a progenitor star of mass 9.6 M
has percentage chance of correlation values below the statistically significant value of
> 90%. For the observed values from the LS220Z96 SN model, the observed ratios
has statistically significant correlations to both SN models using the SFHo equation of
state. The model also shows a correlation to the LS220S27 with a percentage chance
of correlation that borderlines the accepted percentage chance of correlation value for
it to be a significant correlation. However the observed values from the LS220Z96 SN
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model does not show any correlation to its true model. The observed ratios of 2n/1n
from the SFHoS27 model shows a similar correlation behaviour to the observed ratios
of 2n/1n from the LS220S27 SN model. The observed data from the SFHoS27 model
shows statistically significant correlations to both SN models that had a progenitor
star of mass 27 M, but has no significant correlations to the models that used a pro-
genitor star of mass 9.6 M. The observed ratios of 2n/1n from the SFHoZ96 shows a
satisfactory result of having a significant correlation with the true model and has no
statistically significant correlations to the other three models.
Using the accepted accepted correlations that have a percentage chance of correla-
tion > 90%, a LS220S27 SN event can get tagged by the detector as either a LS220S27
or SFHoS27 SN model with equal probabilities. A LS220Z96 SN event get tagged as
either a SFHoS27, SFHoZ96 or as a LS220S27 model with nearly equal probabilities
although there is a slightly higher probability of the event being tagged as SFHoS27
or SFHoZ96 SN event. A SFHoS27 SN event could also get tagged by the detector
as either a LS220S27 or SFHoS27 SN model with equal probabilities. And finally the
SFHoZ96 model has a high probability of getting tagged correctly.
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Figure 6.2: Percentage chance of correlation values obtained for simulations done at
a supernova distance of 10 kpc. Only models with percentage chance of correlation
values> 90% are statistically significant. All other values do not show any statistically
significant correlation.
At a distance of 10 kpc, the observed ratios of 2n/1n from the LS220S27 SN model
once again shows a strong correlation with both SN models that had a progenitor star
of mass 27 M while having no statistically significant correlations to the two SN mod-
els that had a progenitor star of mass 9.6 M. The the observed ratios of 2n/1n from
the LS220Z96 SN model shows statistically significant correlations to both SN models
using the SFHo EoS and once again borderlines the the accepted percentage chance of
correlation value for it to be a significant correlation with the LS220S27 SN model. The
observed ratios from LS220Z96 SN model still shows no statistically significant correla-
tions to its true model. This indicates that at a supernova distance of 10 kpc the detector
is no longer able to distinguish SN models from the data obtained from a SN explosion
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that follows the characteristics of LS220Z96. The observed ratios of 2n/1n from the
SFHoS27 SN model again shows a similar correlation behaviour to the observed ratios
of 2n/1n from the LS220S27 SN model by having statistically significant correlations
to both SN models that had a progenitor star of mass 27 M, and having no significant
correlations to the models that used a progenitor star of mass 9.6 M. The observed
ratios of 2n/1n from the SFHoZ96 show a statistically significant correlation to its true
model. The observed ratios also borderline a correlation to the SFHo model that had a
progenitor star of mass 27 M, but falls short by a small fraction.
It is evident if a supernova explosion happens at a distance of 10 kpc, the detector
can distinguish the progenitor mass size with reasonable accuracy, but cannot distin-
guish between the two EoS the explosion process might follow.
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Figure 6.3: Percentage chance of correlation values obtained for simulations done at
a supernova distance of 15 kpc. Only models with percentage chance of correlation
values> 90% are statistically significant. All other values do not show any statistically
significant correlation.
At a supernova distance of 15 kpc, none of the observed models fall within the
statistically significant percentage chance of correlation value > 90%. The detector
is likely to tag any supernova event as a LS220S27 or an SFHoS27 event with equal
probabilities.
6.2 Statistically significant correlations at different SN distances
For both 5 kpc and 10 kpc, the both models with a progenitor star mass of 27M showed
that the observed ratio of 2n/1n correlated to the model. To verify that this is possible
we extend the analysis by checking if the 2n/1n ratios obtained from each of the four
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runs for LS220S27 done at 5 kpc correlates to the observed 2n/1n ratios of the SHFoS27
model.
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Figure 6.4: The figure shows a truth table of statistically significant correlations for
α = 0.10 (percentage chance of correlation > 90%). The numbers 1, 2, 3, 4 on the axes
represent models LS220S27, LS220Z96, SFHoS27 and SFHoZ96 respectively. The num-
ber 1 in the color chart indicates that there exists a statistically significant correlation at
the given confidence level and number 0 indicates otherwise. None of the p-values for
simulation results of 15 kpc SN have a confidence value below α = 0.10.
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LS220S27 Neutronization Accretion Cooling
Run 1 0.029± 0.009 0.145± 0.023 0.172± 0.084
Run 2 0.036± 0.01 0.108± 0.019 0.192± 0.094
Run 3 0.046± 0.013 0.109± 0.019 0.231± 0.105
Run 4 0.048± 0.013 0.115± 0.02 0.281± 0.106
Table 6.1: This table shoes the values of the 2n/1n ratios from the LS220S27 run. The
values for each run will be compared to the known values of the 2n/1n ratios from the
SFHoS27 run. This analysis is done to check if the values obtained from the LS220S27
run correlates to the values obtained from the SFHoS27 run.
SFHoS27 Neutronization Accretion Cooling
Mean 0.043± 0.119 0.095± 0.070 0.212± 0.316
Table 6.2: This table shoes the known values of the 2n/1n ratio from the SFHoS27 run.
To check if the data obtained for LS220S27 at 5 kpc correlate to the known values
from the SFHoS27 run, we can perform a χ2 test. The null hypothesis in this case would
be that there is no correlation between the models and that the values observed in the
LS220S27 model were different from the ones in SFHoS27. The residuals for each run
of model LS220S27 as compared to SFHoS27 is shown below
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Figure 6.5: Figure shows residual values of the observed 2n/1n ratio from each run of
the four runs for LS220S27 to the known value of the ratios from the SFHoS27 model.
The Percentage chance of no–correlation was found from the χ2, values with three
degrees of freedom. The χ2 values were calculated only for the neutronization, accre-
tion and cooling regions due to lack of sufficient data in the infall region.
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Figure 6.6: Figure shows the values corresponding to a percentage chance of no–
correlation calculated for four runs of LS220S27 model compared against the average
(known) values from the SFHoS27 model. The values imply that the null hypothesis of
no correlation is false and that the models SFHoS27 and LS220S27 are indeed correlated
and the HALO–1kt detector is incapable of distinguishing between the two models.
From the P Values computed, we find that none of the χ2 values from the runs have
a percentage correlation value > 90%. This implies that the null hypothesis is rejected.
Therefore the models do have a statistically significant correlation and it is possible to
obtain the ratios found for each run of LS220S27 to correlate to the average ratios of
SFHoS27.
Chapter 7
Conclusion
Neutrino emitted core-collapse supernovae is a rich source of information on various
astrophysical processes and particle physics. Studies on the few tens of neutrinos ob-
served during the core collapse supernova event in 1987 gave results that made a major
stride particle physics over the past couple decades. But there are still many myster-
ies surrounding the neutrino and it is necessary to be able to study as much of these
particles as we can from the next core collapse supernova event. Lead based neutrino
detectors have an advantage over traditional neutrino detectors because of its unique
flavor sensitivity. While most neutrino detectors are sensitive to νe through charged
current inverse beta decay reaction and neutral current interactions with nucleons in
the detector medium, lead is primarily sensitive to νe produced by charged current
interactions. Many models of core collapse supernova events show a high flux of νe
produced during the beginning of core collapse. Sensitivity of lead to these neutrinos
makes it a well suited choice for using it to study supernova neutrinos. Moreover, since
lead based detectors like HALO and HALO 1kt can detect a core collapse event early,
these detectors can be used as a SuperNova Early Warning System (SNEWS) to trigger
an early alert of a supernova event.
The HALO 1kt detector, with the massive amount of lead in its detector medium, has
an advantage over the HALO detector in terms of the number of events it can observe
per SN event. The HALO 1kt detector simulation done in this thesis for SN models at
5 kpc showed that the detector can distinguish the models based on the same progeni-
tor mass (for a confidence value α = 0.1). The simulations done 10 kpc showed that the
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detector is capable of detecting and distinguishing between the SN models using the
same progenitor mass at this distance for a confidence value α = 0.1. 10 kpc is a little
further than the distance from the earth to the center of the galaxy. As the flux of in-
coming neutrinos scales with distance D as 1/D2, a larger volume of detector medium
will be required to study extra-galactic SN events. HALO 1kt is designed to be low
maintenance and is designed to last for a long time. The detector is expected to see
multiple supernova events during its lifetime.
This thesis was aimed at studying how well the HALO 1kt detector can distinguish
different supernova models from observed rates of single and multi neutron events.
The analysis showed that the detector was capable of distinguishing some supernova
events from others event at 10 kpc distances. For a rigorous analysis of the study, the
simulations will have to be run multiple times to get a larger data set. This would
decrease the error bars on the events resulting in a much more accurate analysis.
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